Background Remodeling of structural bone allografts relies on adequate revascularization, which can theoretically be induced by surgical revascularization. We developed a new orthotopic animal model to determine the technical feasibility of axial arteriovenous bundle implantation and resultant angiogenesis. Questions/purposes We asked whether arteriovenous bundles implanted in segmental allografts would increase cortical blood flow and angiogenesis compared to nonrevascularized frozen bone allografts and contralateral femoral controls. Methods We performed segmental femoral allotransplantation orthotopically from 10 Brown Norway rats to 20 Lewis rats. Ten rats each received either bone allograft reconstruction alone (Group I) or allograft combined with an intramedullary saphenous arteriovenous flap (Group II). At 16 weeks, we measured cortical blood flow with the hydrogen washout method. We then quantified angiogenesis using capillary density and micro-CT vessel volume measurements.
Introduction
Structural bone allografts have been widely used to replace large bone defects resulting from infection, trauma, or tumor. Revascularization of conventional frozen allografts is limited: histologic studies of host-graft junctions described incomplete vascular ingrowth reaching no more than 10 mm from the graft-host junction and 2 mm below the periosteal surface [6] . Enneking et al. [13, 14] also reported minimal revascularization in their observations on retrieved bone allografts, with rarely more than a few millimeters of revascularization per year. Preclinical and clinical research shows revascularization of the largely necrotic bone is required for allografts to heal at the grafthost junction and to remodel [6, 18, 20, 24, 25, 43] . However, allografts remain functional over time despite limited revascularization and remodeling, suggesting full biologic incorporation is not obligatory for necrotic grafts Each author certifies that he or she, or a member of his or her immediate family, has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. Each author certifies that his or her institution approved the animal protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research.
to retain their mechanical properties during load bearing [7, 13, 22, 24] . However, restricted blood circulation and limited remodeling make structural allografts prone to nonunion (11%-44%) [11, 16, 20, 52] , infection (6%-21%) [7, 8, 10, 11, 16, [31] [32] [33] , and late stress fractures (10%-42%) [3, 11, 16, 31, 39, 48] , the latter presumably from accumulated microfractures [39, 42, 49, 53] .
Blood circulation in normal bone is maintained largely by the intramedullary vasculature [2, 51] . In cryopreserved conventional allografts, no such vasculature is preserved. We proposed using surgical angiogenesis to generate a new or neoangiogenic bone circulation in these large structural bone segments by implantation of an arteriovenous bundle. Experimentally, this method has been successful in improving circulation in autologous bone [9, 19, 55] , living (vascularized) allotransplants [27] , and avascular carpal bone [46] . We presumed bone circulation could be similarly reconstructed in cryopreserved structural bone allografts.
We therefore developed a model to place a femoral allograft orthotopically within a segmental femoral defect and implant an arteriovenous bundle within the femoral medullary canal. We asked whether the construct increased capillary proliferation (angiogenesis) and cortical bone blood flow compared to nonrevascularized orthotopic allografts.
Materials and Methods
Femoral diaphyseal grafts, harvested from 10 female Brown Norway rats, were frozen at À80°C. The grafts were orthotopically transplanted into segmental bone defects of 20 male Lewis rats using rigid internal fixation. Ten rats received a bone allograft reconstruction alone (Group I). Another 10 animals were simultaneously revascularized by intramedullary implantation of a saphenous arteriovenous flap at the time of structural bone grafting (Group II). We used contralateral untreated femora as controls. This study was approved by the Institutional Animal Care and Use Committee.
Power calculations were based on the primary biologic outcome of interest: capillary density. The power calculation was based on a two-sample t-test at a significance level of a = 0.05, performed using nQuery Advisor 1 v6.01 (Statistical Solutions, Saugus, MA, USA). With 10 rats/ group, we had 80% power to detect an effect size of at least 1.33, where effect size is defined as the difference in group means divided by the common SD. We considered an effect size of 0.8 or more as large. A previous study from our laboratory estimated a mean capillary density of 29% and SD of 17% at 21 weeks in a group of 10 arteriovenous bundle-patent, immunosuppressed rats. Assuming a similar SD would be seen in the present study, this translated to 80% power of detecting a difference in means of 22% or greater between any two groups [29, 54] .
To harvest the grafts, we anesthetized 10 female brown Norway (RT1 n ) rats (weight, 200-250 g) with pentobarbital sodium at a dose of 35 mg/kg intraperitoneally. The femoral middiaphyseal segment, measuring 10 mm, was removed bilaterally under sterile conditions. We then euthanized donor rats with pentobarbital sodium at a dose of 200 mg/kg intraperitoneally. The grafts were reamed with a 2-mm hand drill to allow arteriovenous bundle implantation, rinsed with sterile saline, and stored at À80°C for at least 1 month before transplantation.
For the graft transplantation procedure, male Lewis (RT1 l ) rats (weight, 250-300 g) served as recipients, representing a major histocompatibility mismatch. We anesthetized recipient rats with ketamine (90 mg/kg intramuscular) and xylazine (10 mg/kg intramuscular). If necessary, we injected additional ketamine (20 mg/kg intramuscular) during surgery. A subcutaneous injection of 10 IU fragmin was given preoperatively and once daily for 5 days postoperatively. A longitudinal skin incision was made at the lateral aspect of the femur and separated the muscles from the femoral diaphysis. A 10-mm segment was exposed and removed with a minisaw, creating a large recipient bone defect. The proximal and distal osteotomies were made at a 15°angle. The graft was then thawed in sterile saline at room temperature and cut proximally and distally to match. This oblique osteotomy improved rotational stability of the construct. We anterolaterally fixed a custom-made 28-mm-long miniplate with two stainless steel screws (1.2 by 8 mm; McMaster-Carr, Los Angeles, CA, USA) in the recipient proximal femur and two identical screws in the distal recipient femur ( Fig. 1) . No screws were used in the graft, allowing the intramedullary canal of the graft to remain accessible for placement of the saphenous arteriovenous bundle to be implanted within the bone. The saphenous vessels with perivascular tissue were dissected from their femoral origin distally to the ankle. In Group II, the arteriovenous bundle was pulled through the allograft with an 8-0 suture via a small opening in the distal femur ( Fig. 1 ). In Group I, we left the arteriovenous bundle in situ. Once we inserted the screws, we used three 4-0 nylon monofilament sutures as cerclage fixation to secure the graft to the plate. Throughout surgery, we took care to preserve nutrient vessels. The fascia was closed with 4-0 Vicryl 1 sutures (Ethicon, Inc, Somerville, NJ, USA) and the skin with 4-0 Ethilon 1 sutures (Ethicon, Inc).
Buprenorphine (0.05-0.1 mg/kg subcutaneously) was given postoperatively and once daily for 2 days, and we allowed all rats to move freely. Survival time was 16 weeks from the day of surgery.
Cortical bone blood flow was measured at 16 weeks in the allograft and in the contralateral femur using the hydrogen washout method as previously described and validated in our laboratory [28, 35] . Anesthesia was induced in a nonsurvival procedure using ketamine (90 mg/kg intramuscular) and xylazine (10 mg/kg intramuscular), with additional ketamine (20 mg/kg intramuscularly) as needed. The allograft and contralateral femur were exposed, and a hydrogen-sensing electrode with microtip (H2-50; Unisense, Aarhus, Denmark) was placed within a 0.36-mm superficial cortical drill hole placed at the junction of the proximal 1 .
3 and the middle 1 . 3 of the graft. The electrode was advanced just enough to allow the tip of the sensor to enter the cortex but not the medullary canal. While breathing a 30% oxygen, 70% hydrogen mixture, hydrogen concentration rose and reached equilibrium in the bone, as measured with a picoammeter (Picoammeter 2000; Unisense) and plotted using LabVIEW TM software (National Instruments Corp, Austin, TX, USA). At equilibrium, we stopped hydrogen inhalation. The resulting rate of the hydrogen washout from bone, proportional to cortical bone blood flow, was calculated as previously described [28] . The hydrogen washout data were calculated using the Lab-VIEW TM software [35] and expressed as milliliter per minute per 100 g tissue.
Before sacrifice, the aorta and vena cava were cannulated, and the vasculature of the lower extremity was irrigated with 50 mL heparinized saline. Microangiography was performed with a polymerizing contrast agent (Microfil 1 ; Flow Tech Inc, Carver, MA, USA), injected under physiologic pressure [29, 30] . We euthanized the rat with pentobarbital sodium 200 mg/kg intravenously. When present in the arteriovenous bundle, blue contrast verified its patency. The femur was removed and fixed in 10% buffered formalin for 24 hours and then decalcified in 14% ethylenediaminetetraacetic acid for 7 hours in a laboratory microwave at 750 watts (Pelco Biowave 1 3450 Laboratory Microwave; Ted Pella Inc, Redding, CA, USA).
To measure angiogenesis by capillary density determination, we used a modified Spalteholz method to obtain optically clear bone: after decalcification in 14% EDTA, the bone was immersed in 50% alcohol, followed by bleaching with 10% H 2 O 2 . Next, dehydration was achieved with increasing concentrations of alcohol (50%, 75%, 95%, 100%), and bones were embedded in methyl salicylate [5, 29, 40, 54] . Digital images were taken in AP and lateral positions of each graft and analyzed with image analysis software (Scion 1 Imaging for Windows 1 Version 4.03; Scion, Frederick, MD, USA). Colored Microfil 1 was easily detected and distinguishable from the rest of the bone, so that a fixed level of color registration was set, and consistent calculation was achieved. Two authors (WFW, TK) measured capillary density as the ratio of vessel (Microfil 1 ) pixels to total bone pixels for each image, using the average of AP and lateral images to calculate the surface of vessels as compared to the complete bone surface. We measured the capillary density of the contralateral femur in the same fashion.
Because the blue Microfil 1 polymer is radiopaque, it could be detected by CT. To determine vessel volume, we scanned both femora in each animal using a micro-CT system (MicroCT40; Scanco Medical, Basserdorf, Switzerland). The femur was placed in a polyethylimide holder with saline, and the graft was scanned at 70 KvP and 114 lA with 20-lmthickness axial cut slices (500 in total, equaling 10 mm). Two authors (WFW, TK) set these parameters to ensure maximum detection of polymer solution and exclusion of background scatter. MicroCT40 software (Scanco Medical) was used to process the three-dimensional reconstructed micro-CT data and acquire the vessel volume.
We obtained bilateral measurements (grafted and contralateral untreated femora) for bone blood flow, capillary density, and micro-CT vessel volume. When comparing results of the grafts to results of the contralateral femora, the ratio obtained was an expression of the variance of the allograft values from those of the undisturbed femur. We analyzed both the absolute (experimental side only) and adjusted data (the ratio of ipsilateral graft/contralateral femur). To compare Groups I and II (absolute and adjusted data), we analyzed the data using the Mann-Whitney U test. The Wilcoxon signed-rank test was used to detect differences between ipsilateral and contralateral sides within each group. Data are presented as mean ± SD. We analyzed all data using the GraphPad Prism TM Version 5.0 software (GraphPad Software, La Jolla, CA, USA).
Results
In all rats, the arteriovenous bundle and the proximal and distal nutrient vessels were patent, as confirmed by filling of the vessels with Microfil 1 .
Mean capillary density was higher (p \ 0.001) in Group II than in Group I ( Table 1) . Mean cortical bone blood flow in Group II was higher (p = 0.04) than in Group I (0.12 mL/minute/100 g versus 0.05 mL/minute/100 g; ratios: 0.66 versus 0.30). Mean vessel volume (Fig. 2) was higher in Group II than in Group I, as calculated with absolute values (p \ 0.001) and adjusted values (p = 0.01): 0.37 mm 3 versus 0.07 mm 3 and 1.74 mm 3 versus 0.62 mm 3 , respectively.
When comparing grafts with untreated contralateral femora, in Group I, conventional allografts had lower mean capillary density (p = 0.004) as compared to contralateral untreated femora (2.8% ± 2.21% versus 7.3% ± 3.19%, respectively). Conversely, Group II (surgically revascularized bone allografts) had greater (p = 0.008) mean capillary density than contralateral untreated femora (23.6 ± 3.5 % versus 7.7 ± 3.3 %). In Group I, mean bone blood flow in the allografts was lower (p = 0.009) than the untreated contralateral femora (0.05 ± 0.02 mL/minute/100 g versus 0.19 ± 0.05 mL/minute/100 g). Revascularized allografts had less mean cortical bone blood flow (p = 0.02) than the contralateral untreated femora (0.12 ± 0.09 mL/minute/ 100 g versus 0.19 ± 0.09 mL/minute/100 g). Within Values are expressed as mean ± SD; * absolute values = values for experimental sides (grafts); adjusted values = ratios of values for grafts normalized to values for untreated contralateral femurs, displayed to illustrate graft vascularization as compared to normal femoral vascularization; Group I = grafts without arteriovenous bundle; Group II = grafts with arteriovenous bundle. Group I, bone grafts had lower (p = 0.049) mean vessel volume as compared to the contralateral femora (0.07 ± 0.06 mm 3 versus 0.19 ± 0.17 mm 3 ). In Group II, the mean vessel volume of the surgical revascularized graft tended to be higher (p = 0.74) than the contralateral femur (0.37 ± 0.16 mm 3 versus 0.30 ± 0.17 mm 3 ). Comparing contralateral untreated femora (internal control) between groups, we observed no differences in mean capillary density (p = 0.76), bone blood flow (p = 0.96), or vessel volume (p = 0.19).
Discussion
After conventional bone allotransplantation, revascularization of the allograft is a slow process, with only small portions of the graft being invaded by fibrovascular tissue at the host-graft junctions [13] . Studies have reported multiple factors that influence graft revascularization and remodeling, including fixation technique [1] , adjuvant therapy [20, 42] , perigraft environment [42] , comorbidity [31] , and weightbearing [41] . Enneking and Campanacci [13] , in their extensive review of 73 retrieved allografts, found remodeling was limited to 20% of the complete graft at 5 years. This does not necessarily mean all grafts will fail. Allografts that have remained largely necrotic over time could still have sufficient functionality and sustain loading forces, provided host-graft union was achieved [6] . However, incomplete revascularization and sparse remodeling in conventional allografts have been related to a high incidence of complications [11, 16, 42] . Therefore, we designed a model of a large segmental allograft in which an arteriovenous bundle could be implanted. We then determined whether capillary density and blood circulation were greater in surgical revascularized grafts compared to nonrevascularized allografts and contralateral untreated femoral bone. This study had a number of limitations. First, the survival time of 16 weeks was only one time point in the dynamic process of graft revascularization. To understand its exact course over time, multiple shorter and longer time points need to be analyzed. Second, in this rat model, the saphenous arteriovenous bundle was transposed. In humans, the saphenous vein is not accompanied by an artery. To revascularize a large segmental allograft in the human femur, smaller arteriovenous bundles, such as the descending genicular vessels (retrograde transposition) or descending branch of the lateral circumflex vessels (antegrade transposition), could be used. Additionally, transposition of an arteriovenous bundle could have compromised the blood supply to its original tissue and evoked donor site morbidity. In our study, we saw no signs of wound problems, venous stasis, or arterial insufficiency of the leg. Third, including an additional study group in which a thrombosed (ligated) arteriovenous bundle was transposed intramedullary would have clarified to what extent the presence of the arteriovenous tissue by itself, without patent blood circulation, would induce angiogenesis. In this preclinical study, we investigated primarily whether a patent arteriovenous bundle would induce angiogenesis and bone blood flow as opposed to conventional grafting, which was a necessary step toward clinical implementation. Fourth, surgical revascularization of a graft could have led to longer surgical procedures. Therefore, a beneficial effect of increased bone blood flow on osteogenesis, host graft union, and risk of fracture should be confirmed or refuted by long-term analysis of biomechanical properties of revascularized allografts in larger animal models before clinical implementation. These are objectives of future research in our laboratory.
The importance of adequate vascularization for bone graft vitality has been the subject of research for decades [9, 36, 44] . Two studies published in 1963, Woodhouse [55] and Dickerson and Duthie [9] , described implantation of arteriovenous bundles in autogenous bone grafts with the intent to augment vascularization. Later, Nagi [34] found vascular bundle implantation within autogenous grafts to improve their revascularization, and Hori et al. [19] described a proliferation of blood vessels from the implanted arteriovenous bundles when placed into necrotic heterotopic autografts. In the last two decades, various techniques of surgical revascularization have been studied in autografts [38, 56] , heterotopic allografts [4, 27] , xenografts [5, 15] , and prefabricated heterotopic bone flaps [17, 26, 37, 50] , as well as in avascular necrotic bone [46] and nonunited bone [47] . However, surgical revascularization of large segmental orthotopic allografts by providing an axial (longitudinal) blood supply has not been studied. These data are of importance since strain and axial loading forces have a considerable effect on bone allograft biology, including revascularization and incorporation [12, 21, 23, 42, 45] . In our orthotopic model, arteriovenous bundles were patent in all animals, which proved surgical revascularization in orthotopic allotransplantation was not disrupted throughout the 16-week survival period, and a new intramedullary blood circulation was sustained in the allograft.
Angiogenesis, as measured with capillary density and vessel volume, as well as cortical bone blood flow, were superior in Group II when compared to conventional grafts, as analyzed with absolute values and with values adjusted for the contralateral femora. These findings indicated surgical revascularization by arteriovenous bundle implantation had a beneficial effect on overall graft revascularization in segmental orthotopic allotransplantation. Previous data on implantation of arteriovenous bundles in rat femora were mainly derived from heterotopically transplanted autografts with basic histologic and angiographic descriptive data of angiogenesis [9, 19, 55] . Kumta et al. [27] inserted a femoral vascular bundle in heterotopically transplanted rat allografts and compared these with conventional allografts. The bundle patency rate was 50% at 6 and 12 weeks. At 24 weeks, only one of six rats had a patent vascular bundle. The authors observed vascular proliferation in the medullary canal histologic observations, but they performed no quantitative analysis of angiogenesis or bone blood flow. Carneiro and Malinin [4] reported revascularization in heterotopically transplanted canine allografts with arteriovenous bundle implantation; however, these observations were not quantified, and no control groups with conventional allografts or untreated femora were included.
In Group I, we found conventional allografts showed inferior angiogenesis and bone blood flow as compared to untreated contralateral femora. These findings were supported by preclinical and clinical observations of very limited angiogenesis in conventional allografts, only located at the periphery of the grafts [14, 27, 43] . In Group II, bone blood flow in revascularized allografts had not reached normal values as found in the untreated femora. Angiogenesis, as measured with capillary density, was higher in revascularized grafts than in untreated femora, while vessel volume was equal. Thus, at 16 weeks, angiogenesis from the arteriovenous bundle resulted in capillary density exceeding that found in normal femora, and resultant cortical blood flow, while greater than untreated allografts, had not reached normal values. Whether cortical blood flow in surgically revascularized allografts would equal that of normal bone with a longer survival time will require additional study.
Clinical reconstruction of segmental bone loss with cryopreserved structural allografts results in incomplete revascularization of transplanted grafts. While many function despite this handicap, there is a substantial risk of nonunion, infection, and late stress fractures. We reconstructed rat femoral defects using similar methods but used surgical angiogenesis from implanted arteriovenous bundles to generate a neocirculation within the bone and improve cortical blood flow. We demonstrated all arteriovenous bundles were patent, resulting in increased angiogenesis and improved cortical blood flow when compared to otherwise identical allografts without the arteriovenous bundles. Further study is needed to confirm improved blood flow results in improved graft healing, improved bone material properties, and sufficient bone remodeling to improve the extent of cortical bone viability.
